A theoretical investigation of quantum-transport phenomena in mesoscopic systems is presented. In particular, a generalization to "open systems" of the well-known Semiconductor Bloch equations is proposed. Compared to the conventional Bloch theory, the presence of spatial boundary conditions manifest itself through self-energy corrections and additional source terms in the kinetic equations, which are solved by means of a generalized Monte Carlo simulation.The proposed numerical approach is applied to the study of the scattering-induced suppression of Bloch oscillations in semiconductor superlattices as well as to the analysis of quantum-transport phenomena in double-barrier structures.
INTRODUCTION
The Monte Carlo (MC) method, which has been applied for more than 25 years for calculation of semiclassical charge transport in semiconductors, is the most powerful numerical tool for microelectronics device simulation [1] . However, it is well known that present-day technology pushes device dimensions toward limits where the traditional semiclassical transport theory can no longer be applied and a more rigorous quantum transport theory is required [2] .
In this paper, a generalized MC approach for the analysis of hot-carrier transport and relaxation phenomena in quantum devices is proposed. The method is based on a generalized MC solution of the set of kinetic equations governing the time evolution of the single-particle density matrix. Our approach can be regarded as an extension to open systems of the generalized MC method recently proposed for the analysis of the coupled coherent and incoherent carrier dynamics in photoexcited semiconductors [3] . Compared to more academic quantum-kinetic approaches [4] whose applica-tion is often limited to highly simplified physical models and conditions-, the proposed simulation scheme can be applied to realistic cases, allowing on the one hand a proper description of quantuminterference phenomena induced by the potential profile and on the other hand maintaining all the well known advantages of the conventional MC method.
As a first application, we will discuss the scattering-induced suppression of Bloch oscillations in semiconductor superlattices. As a second example, we will study the strong interplay between coherence and relaxation within a double-barrier structure. [5] , whose general structure is given by:
The time evolution induced by the single-particle Hamiltonian H0 can be evaluated exactly yielding:
with coco (e eo)/h. On the contrary, the time evolution due to the many-body Hamiltonian H' involves phonon-assisted as well as higher-order density-matrices; Thus, approximations are needed in order to "close" our set of equations of motion (with respect to our kinetic variables).
In particular, the "mean-field" approximation together with the Markov limit approximation allow us to derive a set of closed equations of motion which is still local in time:
The matrix P',,, is, in general, a complex quantity: its real part describes a sort of generalized scattering rate while its imaginary part is related to energy-renormalization phenomena.
Recently, a full quantum-mechanical approach has been proposed [6] , which overcomes the usual Markov limit in describing the carrier-phonon interaction. However, due to the huge amount of CPU time required, its applicability is still limited to short time-scales and extremely simplified situations.
The analysis presented so far is typical of a socalled "closed" system, i.e., a physical system defined over the whole coordinate space. However, this is not the case of interest for the analysis of quantum-transport phenomena in mesoscopic devices, where the properties of the carrier subsystem are strongly influenced by spatial boundary conditions. In order to better understand this crucial point, let us reconsider our theoretical scheme in terms of real-space coordinates.The proper quantum-mechanical description is then based on the so-called Wigner function [7] , given by the following Weyl-Wigner transformation of the single-particle density matrix: fW(r, k) Z p/u(r, k) (14) where is the single-particle self-energy tensor in Eq. (5) "dressed" by the transformation 
SOME SIMULATED EXPERIMENTS
The theoretical approach presented so far is the starting point of our MC simulation. The generalized SBE (4) are solved by means of the same MC simulation scheme described in [3] . The method is based on a time-step separation between coherent and incoherent dynamics (see Eq. (4)).
The former accounts in a rigorous way for all quantum phenomena induced by the potential profile of the device as well as for the proper boundary conditions (see Eq. (14)). The latter, described within the basis given by the eigenstates a of the potential profile (see Eq. (6)), accounts for all the relevant scattering mechanisms by means of a conventional "ensemble" MC simulation [1] .
The above numerical approach has been applied to the study of the scattering-induced suppression of Bloch oscillations in semiconductor superlattices and to the analysis of quantum-transport phenomena in a double-barrier structure.
In the first case, a biased GaAs/A1GaAs multiquantum-well (MQW) has been considered (15 sub-picosecond time-scale of our Bloch oscillations.
We have than carried out the simulation of an electronic wavepacket entering (from left) a double-barrier structure. The injected carriers are energetically in resonance with the second level of the well. In Figure 2 the charge distribution across the double-barrier structure is shown at different times with and without scattering. As expected, for the scattering-free case (Fig. 2b) 
